Abstract: Twenty frescoes from "The Assumption" Cathedral located in the island town of Sviyazhsk (Tatarstan Republic, Russian Federation)-dated back to the times of Tsar Ivan IV "the Terrible"-were chemically analyzed in situ with a portable X-ray fluorescence (pXRF) spectrometer. The investigation focused on identifying the pigments and their combinations in the paint recipes. One hundred ninety-three micropoints randomly chosen from the white, yellow, orange, pink, brown, red, grey, black, green, and blue areas were measured for major and minor elements. The compositional types separated within each color indicate different recipes. The statistical processing of the data unveiled the most important oxides (CaO, MgO, Fe 2 O 3 , PbO, SO 3 , Sb 2 O 3 , Al 2 O 3 , SiO 2 , and P 2 O 5 ) and their relationships. The results allowed to infer the mineral composition of the paints, and, hence, the recipes used by the Russian artisans. Slaked lime and slaked dolomitic lime mixed with variable amounts of "antimony white" and "bone white" were used for white, pink, yellow, and orange paints and for preparing a basic batch for all other colors. Mostly yellow ochre, red ochre, and lead minerals, and occasionally blue ochre, green earth, realgar, orpiment, bone black, galena, stibnite, and magnetite were the pigments involved in various amounts in preparing the paints.
Introduction
The old frescoes acquire a greater relevance with each year, due both to their historical and artistical value, and to the complexity of issues related with their restoration and conservation. There are many factors that could affect the integrity and stability of the mural artworks [1] , among which are climate (including seasonal temperature variation and humidity), colonization by vegetal or animal organisms, human intervention, etc. Preventive conservation requires the use of non-destructive and non-invasive techniques [2] . A large spectrum of analytical techniques, e.g., optical microscopy [3] , X-ray diffraction [4, 5] , scanning electron microscopy [6] [7] [8] , Fourier transform infrared spectroscopy [9, 10] , X-ray fluorescence (XRF) [10, 11] , Raman spectroscopy [5, 12] , and mass The frescoes from Sviyazhsk are key works in understanding the development of the distinct Russian art style and its later development in the easternmost part of Europe. The written sources from that time offer little information about the composition of these mural paintings, the pigments, or the techniques and the recipes used [4, 23] . The mural paintings from "The Assumption" Cathedral are called "buon" frescoes (frescoes sensu stricto (s.s.)) because they are painted on wet plaster [24] . Preliminary investigations identified three painting phases and a substrate obtained from slaked lime, slaked dolomitic lime, and fine quartzitic sand [24, 25] . The frescoes show only rare and isolated The frescoes from Sviyazhsk are key works in understanding the development of the distinct Russian art style and its later development in the easternmost part of Europe. The written sources from that time offer little information about the composition of these mural paintings, the pigments, or the techniques and the recipes used [4, 23] . The mural paintings from "The Assumption" Cathedral are called "buon" frescoes (frescoes sensu stricto (s.s.)) because they are painted on wet plaster [24] . Preliminary investigations identified three painting phases and a substrate obtained from slaked lime, slaked dolomitic lime, and fine quartzitic sand [24, 25] . The frescoes show only rare and isolated signs of scaling, fading, or fine cracking. No salt efflorescence, and no discolored or darker spots have been observed that indicates alteration [26] . Blisters or biofilms related to biodegradation are missing. The latter is a process otherwise common to fresco paints created in the same period [27] [28] [29] . It is acknowledged that the Sviyazhsk mural paintings underwent some small restoration works in the late 19th century, but no precise details are known.
The "The Assumption Cathedral" in Sviyazhsk is a UNESCO Cultural Heritage site; therefore, no investigation that could affect the integrity of the material is allowed. Hence, our study applied a non-invasive method, i.e., portable X-ray fluorescence spectrometry, to investigate the frescoes from the cathedral in order to define the basic chemical features of the paints, and to identify the pigments and the recipes used. For conservation works it is important to infer the original materials used to avoid color inadequacy or reactions with the restoration paints. It is of equal importance to use non-invasive research methods, because even the smallest intervention can trigger later damages. This is the first study that aims to shed light on the possible pigments and the paint palette used in 16th-17th century in Russia. This paper is a case study, aiming to demonstrate that it is possible to obtain essential information in situ, using portable equipment such as a pXRF.
Fresco Technique
Frescoes (mural paintings) have been known since Dynastic Egypt and the Mediterranean Bronze Age [29, 30] . They became more and more common from antiquity to modern times [12, 31] . Three fresco techniques are known, all implying the application of paint on a substrate made of plaster. Plaster covers the small irregularities of the wall and provides an even and homogeneous surface. The composition of the plaster is variable and depends on geographical position, available raw materials, and time [32] . It is obtained generally from slaked lime or slaked dolomitic lime [33, 34] mixed with quartzitic sand and, occasionally, gypsum. If the sand is coarse the plaster is called "arricio", and if it is fine it is called "intonaco".
The paint can be applied on a wet plaster ("buon" fresco or fresco sensu stricto), on a nearly dry plaster ("mezzo" fresco), or on a completely dry plaster ("secco" fresco technique). In the "buon" fresco technique, the paint should be applied immediately after finishing the plaster or within eight hours [33] . The fluid paint is absorbed into the wet and porous plaster, and both will dry and harden simultaneously due to a chemical reaction between the atmospheric CO 2 and the slaked lime-Ca(OH) 2 . The resulting mass of calcite crystals entraps the pigments [35, 36] and forms a thin (a few mm), distinct "pictorial layer" [37] separated from the underlying non-colored plaster. However, Edwards and Farwell [38] demonstrated that relics of slaked lime that did not re-carbonate to calcite can be still found in 1000-year-old plaster.
The paints are fluid suspensions made of a pigment mixed with a binder that acts as glue, for example, water, limewater (calcium hydroxide solution), or slaked lime. A common batch made of slaked lime, dolomitic slaked lime, bone white, and quartz, was often used as a basis for all colors. It helped to increase the mass of the paint and to control the lighter hues.
Red, yellow, and blue are "primary colors", which cannot be obtained by mixing other colors. They stand at the origin of the "secondary" and "tertiary" colors. For example, orange is obtained from yellow plus some red, green results from yellow and blue, and violet is made from red and blue. Combining all primary colors, i.e., red, yellow, and blue, produces black. To obtain yellow, pink, blue, light green, or grey, it is enough to mix a very small amount of the corresponding pigment into white paint.
Since prehistory, the most common coloring agents were "ochres" or "earthy pigments" [39, 40] . They all have an inorganic nature, as displayed in Table S1 , and generally represent a mixture of various minerals [41] . "Yellow ochre", or "limonite", is mostly goethite with some lepidocrocite, Minerals 2019, 9, 114 4 of 17 jarosite (optional), clay minerals (kaolinite, illite), quartz, muscovite, and feldspar [41] . Dark brown ochre, called "umber", contains manganese oxide instead of goethite, quartz, and clay minerals [42] . Reddish brown "burned umber" has mostly hematite, similar to "red ochre". "Green earth" consists of hydrated Fe silicates, e.g., glauconite and celadonite, chlorite, serpentine, or amphibole [4] . "Blue ochre", called "blue iron oxide" is vivianite [43] , a hydrated Fe phosphate [41] .
Lead minerals were used as fresco pigments due to their generally clear and bright colors. Lead oxides, such as massicot (PbO; yellow), litharge (PbO; red), minium (Pb 3 O 4 ; red), and plattnerite (PbO 2 ; black) have been widely involved in producing paints. Plattnerite occurs as an alteration product of lead white and massicot [44, 45] . Minium was described in frescoes [46] , but it is reported to be unstable if not protected by a binder [36] .
Many other minerals, and even rocks, were used as pigments. Calcite, chalk, limestone, marble, and slaked lime were used as white paints [47] . Hydrated copper carbonates, such as green malachite and blue azurite, were frequently used as pigments since antiquity. "Verdigris" is a mixture of products from Cu mineral alteration, mostly copper acetate [43] , with a bluish green color. "Egyptian blue" is a synthetic cuprorivaite-calcium and copper silicate-and was prepared in ancient Egypt [48] . The rock called lapis lazuli, known also as "ultramarine blue" when artificially produced [49] , is a mixture of lazurite, diopside, calcite, and some pyrite, which gives a deep blue pigment [50] .
A number of substances were involved in producing black and grey colors, such as coal, graphite, magnetite ("black powder"), stibnite ("antimony"), galena ("blue lead"), or arsenic. Charring animal bones results in "bone white" and "bone black", comprising calcium carbonate and apatite [51] . "Bone black" has the addition of graphite. From native arsenic, dark grey, black, and even white pigments can be obtained. The arsenic sulphides orpiment and realgar give a yellow and a bright red-orange color, respectively. Stibiconite and cervantite are the main compounds of the "antimony ochre", displaying white, grey, or yellow color [52] . Stibnite was used for dark grey and black paints (Table S1 ). "Antimony white" is an antimony oxide [43] that can be obtained by roasting stibnite. Starting in the 17th century, a lead antimonite called "Naples yellow" was used [43] .
Materials and Methods
The chemistry of one hundred ninety-three micropoints, located on an undamaged surface of twenty-two frescoes (Table S2 ) and randomly selected to include all hues (white, yellow, orange, pink, brown, red, grey, black, green, and blue), was measured in situ by pXRF. An S1-Turbo Bruker portable (~2 kg) spectrometer (Bruker, Kennevick, WA, USA; Figure 1b ), equipped with a silver (Ag) X-ray target working at 45 kV and 50 µA, was used. The 10 mm 2 X-Flash®silicon drift detector (Bruker, Kennevick, WA, USA), with an energy resolution of 145 eV at 100,000 pulses/s, enabled the analysis of light elements such as Mg, Al, Si, P, and S, without usinga vacuum pump and helium atmosphere. Na and C could not be identified by pXRF. The elliptically shaped collimator was 2 × 8 mm in size. The surface of a measured point was approximately 5 mm in diameter. During measurements, the collimator was kept close and as perpendicular as possible to the fresco surface. An infrared sensor checked that the measured point was within the correct examination window. Acquisition time was 50 s on average. The X-ray penetration depth was a function of the mineral phase, generally up to 100 µm, much below the thickness of the pictorial layer (around 0.5 mm). The measurements were targeted to reach the "infinity thickness"for each element.
Measurements were carried out three times for each point to avoid errors regarding possible heterogeneity of the analyzed point and to internally check the results. Each result was reported as the mean value of three measurements for each individual point. Emission spectral analysis and electron microscopy were used together with the initial test measurements to make sure the obtained data were correct. The tests were satisfactory, indicating correctly functioning equipment and a good match of data. Therefore, our data can be regarded as between quantitative (i.e., measured) and semiquantitative (i.e., estimated). The operating system used was Microsoft Windows. (Table S3) . As the materials involved in the study were mineral materials, the results were expressed as oxides. The analyses with very low totals were not included in the study. Each chemical analysis was labelled according to color: W for white, Y for yellow, O for orange, P for pink, B for brown, R for red, GR for grey, BK for black, GN for green, and BL for blue. The first digit(s) represented the fresco number according to Table S2 . The last digits represented the analyzed point. The results were given in mass %, in agreement with the International System of Units [53] . For lead, the content was additionally presented as mass % element recalculated by a factor of 0.7989 [54] . Table S3 contains the detection limits for all elements. Table S4 displays calculated standard deviation and average data for each color type.
The interpretation of the main chemical parameters and their mutual relationships were based on the principal component analysis (PCA). This is a widely used statistical method [55] that enables visualizing the relationship between variables-in our case, the major chemical compounds. The PCA plot was obtained by the Excel XLSTAT program. 2 , and HfO 2 were generally close to, or below, the detection limit and were not discussed here (except in the rare cases when they were higher).
Results and Discussion

Chemistry of the Paints
In the following, the most probable pigments used were inferred based on the main features of each color and the mutual relationships between chemical components. The binary diagrams in Figures 2a-d and 3a-d display the trends of the main oxides. The significant amount of CaO and MgO measured in all paints was due to the plaster substrate, as well as a binder media composed essentially of slaked lime and slaked dolomitic lime. The sum of CaO + MgO may reach 80 mass %. The overall relatively high SiO 2 content was most likely due to quartz, present both in the plaster and in the ochres.
White Paint
A medium to high amount of CaO associated with a notable amount of MgO was characteristic for most of the white paints (Table S3) . Based on chemistry, two groups were distinguished and conventionally labelled white A and white B, respectively ( Figure S1a ). The white A type was dominated by high lead (12.8 to~42 mass %) and high sulphur (12 to~15 mass %). CaO content was relatively low (up to~11 mass %), whereas MgO was generally around 20 mass %. The high content of both PbO and SO 3 (Figure 2a ), and the relatively low CaO content, addressed the use of anglesite as white pigment and excluded gypsum. Galena (PbS) was also excluded, as it would have produced a dark grey to black color.
Most of the white micropoints belonged to the white B type, characterised by >30 mass % CaO, with a maximum at~68 mass % (Figure 2b) . Only a few points were <30 mass % CaO. MgO content was average,~20 mass %, which was slightly lower than the white A. These indicate, together with the high SiO 2 content (>30 mass %), that the painter could have left the substrate plaster exposed instead of applying a real paint, in a similar way that has been previously described [9, 56] . SO 3 content was up to~12 mass %, and PbO was up to~8 mass % (Figure 2a ). The contribution of a variable quantity of Sb-containing white pigment (probably "antimony white") can be determined. There was a positive, exponential relationship between Sb 2 O 3 and CaO (Figure 2c ). This correlation was non-linear because the rate of change of the variables (calcium oxide and antimony oxide) was not constant, despite their concurrent increases or decreases. The overall Sb 2 O 3 -CaO correlation coefficient was 0.92 for all colors. There was also a noticeable correlation between CaO and P 2 O 5 in the white as well as other paints (Figure 2d ). The negative correlation between calcium and sulphur ( Figure 3a ) also excludes gypsum for white B color.
MgO content (Table S3) . Two types of red paint were defined ( Figure S2b) . Most of the points belonged to the red A type, with high Fe2O3 content (from ~10 to >55 mass %), low lead, and over 30 mass % CaO. The latter showed a maximum of 60 mass %. Red ochre (hematite) was most likely the cause of color. Between Fe2O3 and K2O there was a positive relationship (Figure 3c ), due to their common origin from the red ochre.
The red B type showed up to 10 mass % Fe2O3 and very high PbO content (23-46 mass %), suggesting the use of red ochre in addition to litharge (or minium). The amount of arsenic was too high (1.44 to 9.27 mass %) to account for it as an accessory element in the lead or iron minerals. Most likely, a red arsenic mineral, e.g., realgar (AsS), was added as pigment. The strong positive correlation between calcium and antimony for all red points (Figure 2c,d ) was explained by the use of the same batch of slaked lime and antimony oxides, similar to the white, yellow, orange, and pink colors. 
Grey Paint
In Medieval times, the grey hues were obtained by staining a white batch with some black material, for example bone black [51] , coal, graphite, magnetite, stibnite, galena, or native arsenic. Alternatively, a mixture of brown, yellow, and red ochre was used [59] . Similar to other colors of the Sviyazhsk frescoes, the grey paints showed a large variability in CaO, MgO, Fe2O3, PbO, and Sb2O3 content (Table S3 ). In Figure 2a , the grey paint was similar to the white and black colors, in an area of variable CaO content, due to a common background. In Figure 2c , all grey paint points fit to all other colors, on a slightly curved correlation field between CaO and Sb2O3. Three groups of grey were chemically distinguished ( Figure S3a ). 
Yellow Paint
The chemistry of the yellow points was relatively homogeneous (Table S3, Figure S1b ). Similar to the white B paint, the yellow one showed high and variable CaO content, between 22 and 62 mass %. MgO content was average (~20 mass %). The positive correlation of CaO with MgO ( Figure 2b ) and Sb 2 O 3 ( Figure 2c ) indicates the painter used the same batch as for the white color (probably slaked lime + slaked magnesian lime + "antimony white"). The yellow paint owed its hue to the iron content, ranging from~2 to over 8.5 mass %, and was added as yellow ochre (goethite). The positive correlation between Al 2 O 3 and SiO 2 ( Figure 3b ) was due to the yellow ochre.
Orange Paint
There are only a few parts of the frescoes showing an orange color ( Figure S1c ). The four points analyzed had essentially a similar composition as the yellow paint (Table S3) , with high CaO (from 29 to 54 mass %) and variable MgO (between~8 and 23 mass %), due to slaked lime and slaked dolomitic lime. The hue was due to Fe 2 O 3 content, ranging from~2 to almost 8 mass %, added as red ochre. The PbO content below 1 mass % excluded the presence of red litharge or minium. The significant amount of antimony oxide (up to 4 mass %) was due to the similar batch used for the white and the yellow color.
of (Table S3 ) allowed grouping the data into three types of black ( Figure S3b ). Figure 2c shows the plot of the black colors together with all other colors in the CaO versus Sb2O3 diagram. Black A type included most of the analyzed points, characterized by a high CaO content generally above 40 mass %. Iron and lead levels were too low to be connected with a black pigment. P2O5 was consistently above 1.5 mass %, up to approximately 2.5 mass %, and positively correlated 
Pink Paint
This paint can be obtained by dispersing fine-grained red pigment in a white batch, such as slaked lime; therefore, not much coloring agent is needed. Two types of pink paint were distinguished ( Figure S1d ). Pink A comprised most of the points and was characterized by high CaO content and average to low MgO content. They were strongly correlated (Figure 2a ) and demonstrated the involvement of a batch made of slaked lime and slaked dolomitic lime. The content of Fe 2 O 3 (up to 4.64 mass %) pointed to the use of red ochre (hematite) as pigment in helping to obtain a pink hue. The lead content was low.
The pink B type was identified in a single point, characterised by a very high PbO content (26.1 mass %). For this type, instead of red ochre, "red lead" litharge or minium (Table S1 ) could have been introduced in the batch. Arsenic (1.17 mass %) usually accompanied lead minerals [57] . The pink B points in Figure 2c Figure 2a all brown paints were in the area of low to medium CaO content, and low MgO content. Manganese, which is generally regarded as producing brown hues [58] , was barely above the detection limit. Hence, the brown ochre ("umber") was excluded as being the cause for the brown color. There were three types of brown paint ( Figure S2a) .
The brown A type was Fe-dominated and included most of the brown micropoints. Iron content varied considerably, from 11.5 to almost 59 mass %. CaO was non-homogeneously distributed (from~9 to 41 mass %). The P 2 O 5 content was over 1 mass % in general. Figure 3b ,c outlines the positive correlation between Al 2 O 3 -SiO 2 and Fe 2 O 3 -K 2 O, respectively, and suggests the overall involvement of yellow ochre, probably mixed with bone black. As MnO content was very low, the brown ochre ("umber") cannot be accepted as pigment.
In the brown B type, PbO was prevalent (~10 to 45 mass %), followed by variable quantities of Fe 2 O 3 (up to~5 mass %). Massicot could have been responsible for this color, if mixed with yellow ochre and some bone black. Massicot was largely used in Russia between 11th and 18th centuries [56] , hence its presence is likely. The average amount of MgO and CaO indicated the use of slaked dolomitic lime. The high As 2 O 3 content (11.6 mass %) in one brown point can be connected with the high PbO content (37 mass %) in the same point.
Brown C showed a marked difference compared with previously described brown A and B types. It had more CaO content (up to almost 50 mass %), low Fe 2 O 3 content, and almost no PbO. Iron was the main cause of the color. It reached a maximum of 8.75 mass %, and most likely originated from the yellow ochre (no Mn content) pigmented with bone black (P 2 O 5 > 1 mass %).
Red Paint
The red color's overall chemistry is marked, as for all other colors, by high and variable CaO and MgO content (Table S3) . Two types of red paint were defined ( Figure S2b) . Most of the points belonged to the red A type, with high Fe 2 O 3 content (from~10 to >55 mass %), low lead, and over 30 mass % CaO. The latter showed a maximum of 60 mass %. Red ochre (hematite) was most likely the cause of color. Between Fe 2 O 3 and K 2 O there was a positive relationship (Figure 3c ), due to their common origin from the red ochre.
The red B type showed up to 10 mass % Fe 2 O 3 and very high PbO content (23-46 mass %), suggesting the use of red ochre in addition to litharge (or minium). The amount of arsenic was too high (1.44 to 9.27 mass %) to account for it as an accessory element in the lead or iron minerals. Most likely, a red arsenic mineral, e.g., realgar (AsS), was added as pigment. The strong positive correlation between calcium and antimony for all red points (Figure 2c,d) was explained by the use of the same batch of slaked lime and antimony oxides, similar to the white, yellow, orange, and pink colors.
Grey Paint
In Medieval times, the grey hues were obtained by staining a white batch with some black material, for example bone black [51] , coal, graphite, magnetite, stibnite, galena, or native arsenic. Alternatively, a mixture of brown, yellow, and red ochre was used [59] . Similar to other colors of the Sviyazhsk frescoes, the grey paints showed a large variability in CaO, MgO, Fe 2 O 3 , PbO, and Sb 2 O 3 content (Table S3 ). In Figure 2a , the grey paint was similar to the white and black colors, in an area of variable CaO content, due to a common background. In Figure 2c , all grey paint points fit to all other colors, on a slightly curved correlation field between CaO and Sb 2 O 3 . Three groups of grey were chemically distinguished ( Figure S3a) .
Grey A included a single point, with extremely high Fe 2 O 3 content (>43 mass %) resulting from iron oxide (magnetite). The CaO amount was relatively low (15 mass %). The Grey B type was dominated by CaO (24 to >63 mass %) and Sb 2 O 3 , generally over 4 mass %. The latter could have been added in the slaked lime as antimony white. The negative correlation for grey in Figure 3d (SO 3 versus Sb 2 O 3 ) ruled out the presence of antimony sulphide for the grey paint. Fe 2 O 3 and PbO were very low, and played no role in the grey B type.
The Grey C paint displays an important quantity of PbO, which extends between 10 and >32 mass %. The amount of SO 3 was also very high (10-23 mass %), pointing to a light colored lead sulphate, which was consistent with anglesite. If it would have been mainly lead sulphide (galena), it would have produced a dark grey, almost black color. However, a small amount of galena could have been added for the greyish hue. The phosphorous content over 1 mass % supports the addition of bone black to the batch of slaked lime and slaked dolomitic lime. The As 2 O 3 content between~1 and~9 mass % supported the use of native arsenic.
Black Paint
The black color was problematic. In many cases this color is based on carbon [60] , an element not measurable by pXRF. Black also results when all three primary colors, i.e., red, yellow, and blue, are mixed together. The distribution of the main oxides (Table S3 ) allowed grouping the data into three types of black ( Figure S3b) . Figure 2c shows the plot of the black colors together with all other colors in the CaO versus Sb 2 O 3 diagram.
Black A type included most of the analyzed points, characterized by a high CaO content generally above 40 mass %. Iron and lead levels were too low to be connected with a black pigment. P 2 O 5 was consistently above 1.5 mass %, up to approximately 2.5 mass %, and positively correlated with CaO ( Figure 2d) . Hence, the bone black can be presumed as a source of this color. Antimony was also unusually high, with values up to 7 mass %, and can be associated with a black or dark grey compound, such as stibnite.
A combination of Fe-and Pb-rich materials defined the black B type. It was equally dominated by iron (~13 mass %) and lead (up to 15.4 mass % oxide, i.e., 12.3 mass % element). SO 3 was up to 4 mass %. The chemistry, with high lead and some Sulphur, indicated a (black) lead sulphide, probably galena. As 2 O 3 (around 1 mass %) could have also been associated with galena as trace element. Fe originated from a black oxide, magnetite. Neither black B nor black C showed antimony content, indicating the use of a clearly distinct paint compared to black A.
The main feature of the black C paint was related to high lead content, between 17 and 32.60 mass % oxide (14 to 28.4 mass % element Pb). The SO 3 content was highly variable, and did not show a direct correlation with lead ( Figure 2a ). This excluded lead Sulphur, and pointed to lead oxide (plattnerite?). Iron occurred in much smaller amounts than in the black A and B types. Antimony was highly variable, ranging from 0.73 to~6 mass %.
Green Paint
Most of the green points analyzed had either high or low CaO content (Table S3) . Two groups of green paint have been defined ( Figure S3c ). Green A comprised most of the points and was clearly dominated by Fe 2 O 3 , which reached 8 mass %. The relatively high K 2 O, SiO 2 , and Al 2 O 3 contents can be linked with the glauconite-celadonite component of "green earth" (Table S1 ). Calcium was high and reflected the use of slaked lime. Copper was generally close to the detection limit, except for two points showing 1.37 mass % CuO, which could be related to a small amount of either malachite or chrysocolla. Malachite could have been obtained as native copper corrosion product. Verdigris, also containing Cu, is highly instable [43] and, therefore, its use cannot be detected.
Green B type had a PbO content between 5.47 and 12.20 mass %, with the highest amount at 42 mass %. It correlated well with the SO 3 content, suggesting the use of anglesite. The low amount of Fe 2 O 3 and K 2 O excluded the contribution of green earth. One outlier had an extremely high As 2 O 3 content of 10.7 mass %, which could originate from some orpiment occasionally added to obtain a yellowish nuance of green.
Blue Paint
To infer the cause of blue hues is relatively difficult. There are few blue substances, among which are Egyptian blue, azurite, and lapis lazuli [43] or carbon black [61] giving blue pigments. Sodium cannot be detected by pXRF; thus, the presence of lapis lazuli is uncertain. Even more, this pigment would imply higher SiO 2 and higher Al 2 O 3 content [49] than those obtained here. A blue color can also be obtained by overlapping different layers of paint, for example carbon black (also undetectable by pXRF) and ochre made of a greyish blue layer and dark blue base [60] .
The blue paint, with apparent heterogeneity in respect to chemistry (Table S3) , was separated into three distinct groups ( Figure S3d) . Most of the micropoints were included in the blue A type. The most significant elements were iron (up to~4 mass % Fe 2 O 3 ), lead (up to~2 mass % PbO), and antimony (up to 6.7 mass % Sb 2 O 3 ). The iron content could originate from the blue ochre, vivianite. Ca was within normal ranges, similar to other light colors, i.e., generally between and~50 mass %. SiO 2 was high (12.2 to 32.1 mass %). However, the Al content was too low to account for lazulite or lazurite. A single micropoint showed 1.37 mass % Co 3 O 4 , which could be linked with smalt [62] -an artificially produced cobalt-doped glass.
Blue B was dominated by extremely high PbO, which ranged from 27 to >52 mass %. This suggests that the basic material for producing blue paint could have been a white lead (anglesite) pigmented with low amounts of "blue lead" (galena). A higher amount of galena would have induced a dark grey color, not a bluish one. Mg was average, between~15 and~22 mass %. Three samples also showed high amounts of As 2 O 3 , between 8 and 13 mass %, which could have originated as an accompanying element to the lead ore.
Blue C included only two samples, marked by high copper (6.52 and 8.68 mass % CuO). CaO (from 52 to~60 mass %) and Sb 2 O 3 (between~4 and~6 mass %) were also high. The paint owes its color to a Cu-bearing mineral. This could have been azurite-commonly used for mural painting [63] . Egyptian blue (calcium-copper silicate), artificially produced since ancient Egypt [48] and could have come to Sviyazhsk via the Volga Route, cannot be excluded as pigment for a few blue C paints. On the other hand, "verdigris" is highly unstable [36] , and the paint would have shown intense alteration. The high calcium content can also be related to slaked lime, not only to Egyptian blue. Antimony white and some stibnite might have also been added in the batch, and this explains the high content of Sb.
Statistical Processing
In the frescoes studied, the correlation between the prevalent chemical elements helped in finding the nature and the origin of colors. The data below the detection limit were replaced by a conventional value equal with the detection limit/2 [64] . For the principal component analysis, the main chemical compounds CaO, MgO, Fe 2 O 3 , PbO, SO 3 , Sb 2 O 3 , Al 2 O 3 , SiO 2 , and P 2 O 5 were used as variables.
The statistical processing of the data separated two factors, F1 and F2 (Table 1) , accounting for 55.77% of all variations. F1 included CaO, Sb 2 O 3 , P 2 O 5 , PbO, and SO 3 , whereas F2 included MgO, SO 3 , Fe 2 O 3 , SiO 2 , and P 2 O 5 . Some variables, such as SO 3 and P 2 O 5 , occurred in both factors. There were positive and negative correlations, with coefficients close to, or higher than, 0.5 or -0.5. They formed three groups: a) CaO-Sb 2 O 3 -P 2 O 5 ; b) Fe 2 O 3 -SiO 2 -Al 2 O 3 , and c) MgO-SO 3 -PbO-P 2 O 5 . The vectors (arrows in the PCA plot in Figure 4) show the dominant chemical elements and similar trends. One trend included CaO and MgO (as components of the slaked lime and slaked dolomitic lime), Sb 2 O 3 (as antimony oxide), and P 2 O 5 (as apatite-like material). The second trend reflected the compositional pattern of the ochres, with Fe 2 O 3 , SiO 2 , and Al 2 O 3 . The third trend connected PbO and SO 3 , and was probably related to both Pb oxides (litharge or minium?) and lead sulphate (anglesite). 
General Remarks on Pigments
Many of the pigments identified in the Sviyazhsk frescoes were known and intensely used in Europe since Hellenistic and Roman times, e.g., lime white, calcite, Fe-ochres, magnetite, green earth, cinnabar, Egyptian blue, charcoal, bone black, and lapis lazuli [5, [65] [66] [67] [68] . The Medieval ages, and in particular the Renaissance, continued the Roman frescoes technique. The pigment palette depended on local sources and the trade network. The pigments used in the Medieval Ages in Western [61, 69] and Eastern-Southeastern Europe, including Byzantine churches [16, 46, [70] [71] [72] [73] , were slaked lime, calcite, Fe-ochres, azurite, Cu-minerals, white lead, red lead, green earth, carbon black, cinnabar, and lapis lazuli. Blue vivianite was "a specialty of the European medieval times" [48] . In the 13th-14th centuries, smalt started to be used in Constantinople [65] . The pigments identified at Sviyazhsk are similar to those used elsewhere in East and Southeast Europe, as well as in the Near East area where Byzantium had a strong influence. Four elements mark the specificity of pigments used at Sviyazhskmostly lead and iron, but also antimony and phosphorous. Variable, but high, amounts of Pb were measured in all colors, except for yellow and orange. Fe-bearing material is also present in all colors, except for white. The consistent and significant amount of P2O5 in almost all colors, including the darker ones, can be explained by the presence of bone white [43, 50] .
Antimony, a quite unusual element, showed an increasing, but non-linear, trend with CaO ( Figure 2c ) for all colors. The calculated correlation coefficient reflects a strong relationship, being generally close to, or higher than, 0.9 for all colors except blue. The exponential shape of the trend suggests that small, pre-made batches were used in various amounts to obtain all pigments. Antimony was, and still is, a common element involved in producing pigments. In neighboring areas, such as Transcaucasia or Persia (today Iran), the lead ores contain high amounts of stibnite [74] . However, the Pb-Sb relationship, if any, is very weak in our samples. On the other hand, roasting of stibnite was a common process in antiquity [74, 75] . In the Sviyazhsk paints, antimony could have been added as an oxide ("white antimony"-white, light grey in color) for the white, yellow, orange, pink, red, and brown paint, and as stibnite (dark grey, almost black in color) for the black, grey, and blue paint, respectively. 
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The location of the island town of Sviyazhsk, with its proximity to the various mineral deposits in the Ural Mountains [76] [77] [78] and its intersection with the "Volga Route" and the "Silk Road", offered it pigments and minerals otherwise rare, such as malachite, azurite, arsenic, lead, and antimony. In the Southern Urals, in the second millennium B.C., people produced antimony-lead-cooper alloys [79] . Arsenic was also a common element in the metallic objects produced there.
On the other hand, the "lead white" darkens easily and gets a greyish nuance [80] , hence its presence in the well-preserved white, pink, and blue colors (see below). This indicates the probable use of a small amount of stabilizer, such as animal glue or egg yolks [31, 80] , not detected by XRF. In this respect, part of the sulphur detected in the Sviyazhsk frescos could be related to an organic medium [72] .
Few points show an unusually high content of TiO 2, NiO, and Cr 2 O 3 , which are associated with pigments artificially prepared in the late 19th to the early 20th century [40] . The occasional high content of TiO 2 in the yellow (~3 to~6 mass %), pink (2.2 to 2.7 mass %), brown (2 to~3 mass %), red (~2 to~4 mass %), grey (~3.6 to 8 mass %), green (~3 to 5 mass %), and blue paint (5.7 mass %) is supposed to reflect restoration works [81] . The same is valid for the unusually high NiO content (11 mass %) measured in one white point, and Cr 2 O 3 (1 mass %) in one green point. The high Ta 2 O 5 content (>1 mass %) found in one blue paint is probably an error of the instrument, as its line overlaps with that produced by lead. The presence of elements linked to modern pigments revealed that the restoration works [82] affected several isolated areas for all colors, except orange.
Conclusions
The investigation by portable XRF proved to be an appropriate, non-invasive method for analyzing the chemical and mineral composition of the paints used in Russia in the 16th-17th centuries. The painting materials involved a basic batch consisting of slaked lime (CaO) ± slaked dolomitic lime (CaO + MgO), with some "antimony white" (Sb 2 O 3 ) and "bone white" (CaO + P 2 O 5 ). The pigments identified are typical for the Middle Age color palette, with a predominance of ochres, as well as iron-and lead-rich materials. The use of a single pigment or a mixture of ochres, oxides, carbonates, sulphides, sulphates, and carbonates, enabled a large range of colors to be obtained (Table 2) . Arsenic minerals (and in a lesser amount, copper minerals) were only involved in certain colors, such as red, grey, green, and blue. Bone black was probably the source for the black and part of the grey hues.
The contrasting chemistry within the same color demonstrates that different recipes and paints were simultaneously used. One type of yellow and orange, two types of white, pink, red, and green, and three types of brown, grey, black, and blue paint were distinguished. A batch media made of slaked lime/slaked magnesian lime, bone white, and white antimony was involved in all colors. The presence of rare pigments, such as stibnite and white antimony, can be explained by the close proximity of the town to the Ural Mountains, with a large variety of mineral deposits [76] [77] [78] .
Most likely, several masters accompanied by apprentices worked together, each with their own recipe and a personal mixing experience. This was also customary elsewhere in the Medieval Minerals 2019, 9, 114 13 of 17 period [81] . Even if different pigments were used for a certain color, the masters obtained similar tones. A similar situation was described by Baraldi et al. [66] for the Roman frescoes from Italy. The Russian artisans had a good knowledge of the mineral substances and their compatibility/incompatibility, and consequently the colors remained unchanged over several centuries. This study contributes to the knowledge of the artisan decoration and the art of frescoes in the late Medieval ages in the easternmost part of Europe. New insights into the chemical composition of frescoes provide useful data for future restoration and maintenance works. Further studies using, for example, portable Raman spectroscopy will bring new insights and validate/invalidate certain pigments.
